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We investigate the formation of primordial black holes (PBHs) from the collapse of spherically
symmetric domain wall bubbles, which spontaneously nucleate via quantum tunneling during in-
flation. Since the tension of domain walls changes with time and so domain walls nucleate in a
short time interval, the mass function of PBHs in general has a spike-like structure. In contrast
to models in which PBHs produced from overdense regions, our model avoids the uncertainties of
PBHs production mechanism. PBHs from domain walls with mass around 1020g may constitute
all dark matter, those with mass around 1034g can explain the merger events of binary black holes
detected by LIGO.
I. INTRODUCTION
Dark matter is a key ingredient in the standard model
of modern cosmology. However, the nature of dark mat-
ter still remains mysterious. The primordial black hole
(PBH) formed in the early universe is an interesting can-
didate of dark matter. It is also an economical solution
to the dark matter problem without new physics if the
PBHs constitute all dark matter. Recently it has been
shown that PBHs can explain the merger events of bi-
nary black holes observed by LIGO (see Refs. [1, 2] for
recent reviews).
In the early universe, PBHs may form due to the grav-
itational collapse of large enough density fluctuations in
some overdense regions. This happens when the large
curvature fluctuations at small scales produced during
inflation, reenter the Hubble horizon after inflation. The
large curvature fluctuations at scales much smaller than
the CMB scale can be produced in various models, for in-
stance, a period of ultra-slow-roll [3–10], sound speed res-
onance [11] and an early dust-like stage [12, 13] etc.. The
amplification of density fluctuations can also be caused
by subhorizon nonlinear dynamics such as phase transi-
tion [14–18] and preheating [19–22]. However, the mech-
anism of PBH formation from overdense regions has some
uncertainties. It is known that the abundance of PBHs
from the gravitational collapse is extremely sensitive to
the threshold which can be fixed by numerical simula-
tions [1, 23–28]. In addition, recently it has been pointed
out that, for a given amplitude of the power spectrum,
the abundance of PBHs generated from a narrow peak is
exponentially smaller than that from a board peak [29].
The choice of window function and time at which per-
turbations are evaluated can also affect the abundance of
PBHs [30].
PBHs can also be produced from cosmic domain walls
(DWs). The formation of black holes and wormholes
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from vacuum bubbles of DWs is studied in Refs. [31–
33] and a numerical simulation is made in Ref. [31]. In
Ref. [34] the author studies the formation of PBHs from
the collapse of closed DWs in QCD axion models. DWs
are sheet-like objects in three spatial dimensions and can
be formed when a discrete symmetry is spontaneously
broken. Some new physics models beyond the standard
model of particle physics allow the existence of DWs since
a discrete symmetry is pervasive in high-energy physics.
The scalar field settles in different vacua on each side of
a DW. Since the energy stored in DWs is proportional
to their area, the stable DWs will eventually dominate
the universe which leads to a serious cosmological prob-
lem [36]. To avoid this, one considers the production
of PBHs from the spherical DW bubbles which nucle-
ate during inflation. When the Hubble radius exceeds
the DW radius, they become unstable and form PBHs.
Since the nucleation rate can be exponentially suppressed
by its Euclidean action, it is possible that DWs become
unstable before they overclose the universe.
The mass function of PBHs from spherical DW bub-
bles is given in Ref. [33] where the tension of DWs is
a constant during inflation. Such a mass function is
very broad, therefore the abundance of PBHs could be
strictly constrained by observations. In this paper, we
propose a two-field inflationary model in which the ten-
sion of DWs changes with time during inflation. Since the
DW nucleation happens in a short period of time when
the Euclidean action of DWs reaches minimum, the mass
function has a spike-like structure. We find that in our
model PBHs could constitute all dark matter for some
constraint windows.
It is known that the gravitational waves seeded by
scalar fluctuations at second order, which will collapse to
form PBHs when they reenter the horizon, during infla-
tion can be used to constrain the abundance of PBHs [37–
45]. On the other hand, let us notice that according to
Birkhoff’s theorem, PBHs produced by spherical DWs
collapse will not produce stochastic gravitational wave
background. In this way, the abundance of PBHs could
avoid the constraint from the gravitational wave obser-
vation constraint.
The paper is organized as follows. In Sec. II, we present
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2the mechanism for the PBH formation from cosmic DWs.
In Sec. III, we propose a two-field inflationary model to
produce DWs in a short period of time. In Sec. IV, we
calculate the mass function and give the parameter space
in which PBHs may constitute all dark matter. In Sec. V,
we summarize our results.
II. PBHS FROM COSMIC DWS
In this section, we present the theoretical formulas of
cosmic DWs and the dynamics of the PBH formation
from cosmic DWs in the radiation-dominated (RD) era
and the matter-dominated (MD) era. In the following we
shall adopt the notation of Ref. [31].
DWs are two-dimensional topological defects which
may form in the early universe when a discrete symmetry
is spontaneously broken. Consider a simple model with
a real scalar field φ as an illustration
L = −1
2
∂µφ∂µφ− V (φ),
V (φ) =
λ
4
(
φ2 − v2)2 . (1)
Such a potential has two degenerate minima when the
Z2 symmetry is spontaneously broken. On each side of
the DW the field φ takes different vacuum expectation
values, i.e., φ = ±ν. The static DW solution vertical to
the x-axis can be expressed as
φ(x) = v tanh
[√
λ
2
vx
]
. (2)
The field φ deviates from the vacuum expectation value
and changes rapidly near x = 0. The surface energy
density of the DWs is
σ =
4
3
√
λ
2
v3, (3)
which is also referred to as the tension of DWs.
In the MD or RD era, if the interaction between φ and
the background fluid is negligible, numerical results con-
firm the energy density of DWs scales as ρDW ∝ 1/t [48–
50] and the energy density fraction of DWs scales as
ΩDW ∝ t. Once DWs dominate the universe, the Hub-
ble horizon begins to shrink which conflicts with present
observable. To get rid of the problem, we consider spher-
ically symmetric DW bubbles spontaneously nucleated
during inflation. The number density of spherical DWs
is exponentially suppressed by its Euclidean action, so
that they collapse to PBHs before becoming dominant in
the whole universe. Applying the thin wall approxima-
tion, the metric of the corresponding planar DW is given
by [51, 52]
ds2 = −
(
1− |x|
tσ
)2
dt2 + dx2
+
(
1− |x|
tσ
)2
e2t/tσ
(
dy2 + dz2
)
, (4)
where
tσ =
1
2piGσ
. (5)
In the case of t  tσ, the energy density fraction of
DWs ΩDW  1 and the metric of surrounding universe
is unaffected by DWs. In the opposite case, the sur-
rounding universe is dominated by DWs and the metric
is determined by DWs. To estimate whether DWs are
dominant at the time of the gravitational collapse, we
define a time tH when the Hubble radius exceeds the ra-
dius of DWs. The condition tH < tσ is denoted as the
subcritical case while the case tH > tσ is denoted as the
supercritical one.
In the subcritical case, heuristically speaking, since the
potential energy is stored in DWs, the potential energy
is transferred to the kinetic energy, the DW bubbles will
shrink. The initial mass of PBHs, Mi, has the same order
of the total mass of the DW bubble Mi = 4piσCR
2(tH),
where C = 0.62 in the RD era and C = 0.15 in the MD
era [33]. The PBH mass evolves with time due to ac-
cretion once they are formed. According to numerical
results of Ref. [31], in the RD era the final mass simply
doubles Mf,RD ≈ 2Mi,RD. In this case, the PBH mass is
independent of the formation time. Since ΩDW  1,
the PBH mass is smaller than the Hubble mass. In
the MD era, it is shown that the matter initially sur-
rounded by DWs will finally be absorbed by PBHs and
Mf,MD = 4piR
3(te)H
2(te)M
2
p , where R(te) and H(te)
are the physical radius of DWs and the Hubble parame-
ter at the end of inflation, respectively.
In the supercritical case, since DW perturbations prop-
agates outwards through rarefaction (or decompression)
wave, PBHs form when the Hubble horizon exceeds the
wave front. The horizon of the initial black hole can-
not exceed the Hubble radius at the formation time, this
gives an upper bound on the initial PBH mass. The nu-
merical results indicate that the actual mass is close to
the upper bound given in [31]. In the MD era, the speed
of wave is much smaller than one, so the upper bound
of the PBH horizon is the DW radius at the PBH for-
mation time. Thus, the upper bound of the initial mass
is Mi,MD ≈ 4piR3(te)H(te)2M2p . DWs blow the mat-
ter away and build up an empty layer. As the PBH is
formed, the accretion is interdicted by the empty layer
and the mass remains constant, Mf,MD ≈ Mi,MD. In
the RD era, the speed of wave is the speed of sound. For
large R(te), Mi,RD ≈ 2.8 × 8piR2(te)H(te)M2p which is
confirmed by numerical results in Ref. [31]. The final
mass is Mf,RD ≈ 2Mi,RD.
3FIG. 1: Potential V (φ, χ).
III. MODEL BUILDING
We consider a two-field inflationary model in which the
inflaton φ is minimally coupled to gravity
S =
∫
d4x
√−g
[
−M
2
p
2
R+
1
2
∂µφ∂
µφ+
1
2
∂µχ∂
µχ
+V (φ, χ)] , (6)
where the effective potential V (φ, χ) reads
V (φ, χ) =
λχ
4
[
χ2 − α2 (φ− φc)2 −m2
]2
+ f(φ). (7)
The last term is an effective potential of the inflaton φ
which should be compatible with the Planck results [54].
The effective potential V (φ, χ) provides two degenerate
vacua in the χ direction as shown in Fig. 1. Initially χ
takes one of the minima. During inflation, the dynamics
of the inflaton φ remains unaffected by χ. Neglecting the
spatial gradient of the scalar fields during inflation, the
Friedman equation and the equations of motion of the
scalar fields are
H2 =
1
3M2p
(
1
2
φ˙2 +
1
2
χ˙2 + V (φ, χ)
)
,
φ¨+ 3Hφ˙+
∂V
∂φ
= 0,
χ¨+ 3Hχ˙+
∂V
∂χ
= 0. (8)
We choose λχ = 0.3 and α = 3× 10−5 in the following.
We consider three parameter sets of φc and m listed in
Table I as examples.
Consider a power-law inflation
f(φ) =
λφ
p
φp, (9)
with p = 2/5 [53]. The initial value of the inflaton is set to
be φi = 6.25Mp and inflation ends at φe = Mp so that the
Set φc/Mp m/Mp
1 3.74 3.24× 10−5
2 4.17 3.16× 10−5
3 5.50 2.98× 10−5
TABLE I: The parameter sets we choose as examples.
number of e-folds N = 50. The predicted scalar spectral
index ns = 0.976 and tensor-to-scalar ratio r = 0.03 are
in agreement with the CMB data [54].
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FIG. 2: Evolutions of χ for the parameter set 1 (red), set 2
(green), set 3 (blue) in Table I.
For the three parameter sets, the evolutions of χ is
shown in Fig. 2. The field χ lies in one of the the min-
ima of the potential due to its large mass. The vacuum
expectation value of χ depends on φ(t), which reaches
the minimum at the time when φ = φc. The large mass
of χ in the beginning of inflation makes the model free
from CMB-scale constrains of non-Gaussianity and en-
tropy perturbations.
We can check that the adiabatic approximation is valid
around the time when the mass of χ reaches the mini-
mum. This can be manifested by estimating
m˙χ
m2χ
≈ α
2 (φ− φc) φ˙
m3χ
. (10)
Using typical energy scale of inflation 10−4Mp and the
spectrum of scalar perturbations PR ≈ 2 × 10−9, it is
obtained by
φ˙ ∼ 10−12M2p . (11)
The adiabatic approximation can be examined at the
time when m = α(φ− φc),
m˙χ
m2χ
≈ 10−12 α
m2
 1. (12)
Therefore, the adiabatic approximation is valid during
inflation.
4IV. MASS FUNCTION OF PBHS
In this section, we derive the mass function of PBHs
and compare it to the observational constrains. Quan-
tum nucleation of topological defects during inflation was
studied in Ref. [55], where the authors derived the nucle-
ation rate of cosmic strings and cosmic DWs in a de Sit-
ter background spacetime. The Euclideanized de Sitter
space is a four-sphere of radius H−1, and DWs nucleated
during inflation by quantum tunneling can be described
as a three-sphere with the maximal radius, i.e., H−1. The
Euclidean action is proportional to the surface area
SE(t) = 2pi
2σ(t)H−3(t). (13)
The nucleation rate per unit physical volume per unit
time can be written as
λ(t) = H4(t)Ae−SE(t), (14)
which is valid as long as the DWs can be treated semi-
classicaly, i.e., σ & H3. The nucleation rate is suppressed
exponentially if σ  H3. In the opposite case, the DW
bubbles is overproduced and finally dominate the uni-
verse. Therefore, we are interested in the case where σ
and H−3 are of the same order. Here A is a slowly vary-
ing function of σH−3 and one expects A ∼ 1 [55, 56].
Then the number density of DWs is
dN = λ(t∗)a3(t∗)d3xdt∗, (15)
where t∗ denotes the nucleation time.
The evolutions of the Euclidean action are shown in
Fig. 3. At the time φ = φc, SE reaches the minimum,
which depends on m. During inflation SE is larger than
one, so the semiclassical approximation is valid.
DWs nucleated at the end of inflation has the smallest
radius, 1/H(te), which collapse into PBHs with smallest
mass shortly after inflation ends. Following the results
in Sec. II, the minimum mass is
Mmin = 4piσCH(te)
−2. (16)
In our three parameter sets, σ(te) ∼ 10−5M3p , and
Mmin ∼ 10−8g. The upper bound of PBH mass in the
subcritical case is
Mmax = 4piCσ(te)H
−2(tσ) ≈ 102g. (17)
PBHs with smaller mass than 1015g have been already
completely evaporated due to Hawking radiation. For
the mass range of our interest, therefore we focus on the
supercritical case.
Following the results in Sec. II, the final mass of PBHs
from DWs is approximately
M = 5.6× 8piR2(te)H(te)M2p . (18)
Since the universe is radiation-dominated from the end
of inflation to the matter-radiation equality, the Hubble
mass increases with time. In the supercritical case, the
PBH mass approximately equals to the Hubble mass, so
it increases with the PBH formation time. The mass of
PBHs formed at matter-radiation equality is estimated
by Meq ∼ 1050g which is many orders of magnitude larger
than the supermassive black holes and is strongly dis-
favored by CMB data. This upper bound implies the
PBHs from DWs can provide seeds for super massive
black holes [57]. In the following we only focus on PBHs
formed in the RD era.
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FIG. 3: Evolutions of SE for the parameter set 1 (red), set 2
(green), set 3 (blue) in Table I.
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FIG. 4: The mas functions of PBHs for the parameter set
1 (red), set 2 (green), set 3 (blue) in Table I. The current
constraints include the extra-galactic gamma-rays from the
PBH evaporation (EGγ) [59], the femtolensing of gamma-ray
bursts(Femto) [60], the white dwarfs explosion (WD) [61],
the microlensing events with Subaru HSC (Subaru HSC) [62],
with Kepler satellite (Kepler) [63], with MACHO/EROS [64,
65], with OGLE [66], the CMB measurements [67, 68], and
the LIGO merger rate set by LIGO O1 [69].
We use the mass function f(M) to characterize the
fraction of PBHs against the whole dark matter at
present per logarithmic mass interval
f(M) ≡ 1
ρDM
dρPBH(M)
d lnM
=
1
ρDM
M2dN
a3(t0)d3xdM
, (19)
5where t0 is the present time.
At the end of inflation, the physical radius of DWs
nucleated at the time t∗ is
R(te) =
1
H(t∗)
a(te)
a(t∗)
. (20)
In the standard slow-roll inflationary scenario, the Hub-
ble parameter changes slightly during inflation. The ra-
dius of DWs at the nucleation time is almost the same,
thus R is larger for the DWs formed earlier according to
Eq. (18). Substituting Eq. (20) into Eq. (18), it yields∣∣∣∣dMdt∗
∣∣∣∣ = 2√5.6× 8piMH(te)a(te)a(t∗)Mp. (21)
Then f(M) can be expressed in terms of the nucleation
time
f(M) =
M3/2e−SE(t∗)a4 (t∗)H4 (te)
2ρDMa(te)a3 (t0)Mp
√
1
5.6× 8piH(te) .(22)
The mass function of PBHs is plotted in Fig. 4 for
the parameters sets listed in Table I. For the parameter
set 1, f(M) peaks at M ∼ 1017g. For the parameter
set 2, f(M) peaks at M ∼ 1020g and the PBHs could
constitute all the dark matter. For the parameter set 3,
f(M) peaks at M ∼ 1034g to explain binary black hole
merger rate detected by LIGO.
Due to the exponential dependence of SE in Eq. (13)
and Eq. (14), most DWs nucleate at the time φ = φc. In
principle this model can provide DW radius concentrated
upon any scale of cosmological interest.
The results hold for any inflationary potentials which
have the same behavior near φ = φc. If the SE reaches
the minimum and then increases, the mass function will
have a spike-like structure, independent of the dynamics
of the scalar fields when t 6= t∗.
The upper bound of PBH mass is given by the case
where DWs are formed at the beginning of inflation. The
maximal radius at the end of inflation and the PBH mass
are, respectively
Rmax =
eN
H(ti)
,
Mmax = M = 5.6× 8pi(eN/H(ti))2H (te)M2p ,(23)
where ti denotes the time when the inflation starts. The
maximal mass is independent of σ and only depends
on the dynamics of the inflaton. Setting N = 50 and
H(ti) = H(te) = 10
−8Mp, Mmax is estimated to be
4× 1048g.
V. CONCLUSION AND DISCUSSION
In this paper, we have investigated the formation of
PBHs from DWs in a two-field inflationary model. DWs
nucleate during inflation through quantum tunneling.
Since the Euclidean action SE of DWs changes with time,
DWs nucleate mainly at the time when SE reaches the
minimum. Since the PBHs mass depends on the nucle-
ation time, the mass range in general is narrow. The
predicted mass function of PBHs has a spike-like struc-
ture. PBHs with the mass centered around 1020g may
constitute all dark matter. Since DWs nucleated through
quantum tunneling are spherically symmetric, according
to Birkhoff’s theorem, the spherical DWs collapse can-
not emit gravitational waves, in contrary to other mech-
anisms for the PBH formation, in which measurements
of the stochastic gravitational wave background put con-
straints on the abundance of PBHs with mass around
1020g by LISA [46] and Taiji [47].
PBHs can inversely give constraint on SE during infla-
tion. A conserved estimation indicates that SE > 1 for
the PBH mass larger than 1015g. Taking H ∼ 10−8Mp,
it requires σ > 5 × 1022Mp. For PBHs with mass less
than 1015g, in principle there is no lower bound on SE .
The Universe might undergoes a period of the PBH-
dominated era. The Hawking radiation of the overpro-
duced PBHs can reheat the Universe [70]. The coupling
between the inflaton and other fields can be small with-
out affecting the reheating process. The inflaton which
does not form PBHs may serve as dark matter.
The nucleation rate is extremely sensitive to the Eu-
clidean action of DWs in our model so that the fine-
tuning problem still remains unsolved. DWs can also
form during preheating after inflation if the potential has
more than one degenerate vacua. The radius and lifetime
of DWs are sensitive to the potential barrier. Such DWs
which stretch outside the Hubble horizon will result in
massive PBHs. This topic is left to future investigation.
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